Bioaugmentation of bioreactors focuses on the removal of numerous organics, with little attention typically paid to the maintenance of high and stable nitrite accumulation in partial nitrification. In this study, a bioaugmented membrane bioreactor (MBR) inoculated with enriched ammonia-oxidizing bacteria (AOB) was developed, and the effects of dissolved oxygen (DO) and temperature on the stability of partial nitrification and microbial community structure, in particular on the nitrifying community, were evaluated. The results showed that DO and temperature played the most important roles in the stability of partial nitrification in the bioaugmented MBR. The optimal operation conditions were found at 2-3 mgDO/l and 30 o C, achieving 95% ammonia oxidization efficiency and nitrite ratio (NO 2 -/NO x -) of 0.95. High DO (5-6 mg/l) and low temperature (20 o C) had negative impacts on nitrite accumulation, leading to nitrite ratio drop to 0.6. However, the nitrite ratio achieved in the bioaugmented MBR was higher than that in most previous literatures. Denaturing gradient gel electrophoresis (DGGE) and fluorescence in situ hybridization (FISH) were used to provide an insight into the microbial community. It showed that Nitrosomonas-like species as the only detected AOB remained predominant in the bioaugmented MBR all the time, and coexisted with numerous heterotrophic bacteria. The heterotrophic bacteria responsible for mineralizing soluble microbial products (SMP) produced by nitrifiers belonged to the CytophagaFlavobacterium-Bacteroides (CFB) group, and α-, β-, and γ-Proteobacteria. The fraction of AOB ranging from 77% to 54% was much higher than that of nitrite-oxidizing bacteria (0.4-0.9%), which might be the primary cause for the high and stable nitrite accumulation in the bioaugmented MBR.
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The most common way to remove nitrogen from wastewater is the combination of biological nitrification and denitrification. Aerobic nitrification involves the oxidation of ammonium to nitrite by ammonia-oxidizing bacteria (AOB) and the oxidation of nitrite to nitrate by nitrite-oxidizing bacteria (NOB). Subsequent anoxic denitrification is performed by heterotrophic denitrifiers responsible for reducing nitrite and nitrate to gaseous nitrogen. Shortcut nitrogen removal, based on the partial nitrification to nitrite followed by denitrification via nitrite, has been recognized as a very promising nitrogen removal process for its economic advantages in saving cost of aeration (25% less), organics demand (40-60%), and reducing reactor volume [3, 24] . However, it is a great challenge to achieve stable nitrite accumulation in nitrification processes.
In the last decade, research activities have been mainly directed towards sustained nitrite accumulation in a variety of reactor configurations by controlling environmental factors to inhibit NOB activity, such as solids retention time (SRT), temperature, pH, free ammonia (FA), and DO concentration [11, 21, 28] . Ruiz et al. [22] determined an optimal condition for partial nitrification in an activated sludge reactor and achieved 65% nitrite accumulation at 0.7 mg/l of DO, suggesting that pH was not a useful operation parameter to nitrite accumulation. Yun and Kim [29] reported that inhibition of free ammonia on NOB was the major factor for nitrite accumulation, and the nitrite ratio was maintained at around 95% with up to 2 kg NH oxygen limiting conditions. However, nitrite accumulation is not likely to be stable for long periods of time owing to the acclimation of nitrite oxidizers to free ammonia, and the maintenance of low DO concentrations may be disadvantageous for the overall nitrification rate [11] . Therefore, long-term nitrite accumulation is still very difficult to reach because NOB, coexisting with AOB in a mixed nitrification system, can acclimatize the new growth environment and recover its activity, resulting in the complete failure of nitrite build-up. To solve this problem, bioaugmentation of inoculation with enriched AOB in the nitrifying reactor is proposed here to achieve stable nitrite accumulation. Until now, little is known about the feasibility of this novel approach for partial nitrification.
The key to efficient partial nitrification relies on knowing the microorganisms involved and their responses to different operating conditions. Molecular biological techniques allow a more complete understanding of microbial community structure in natural environments than that offered by cultivation-based methods alone [9, 13, 19] . Denaturant gradient gel electrophoresis of the polymerase chain reaction (PCR-DGGE) provides a complementary tool for the analysis of complex microbial communities, and has been used to separate amplified 16S rRNA genes and determine the effects of different environmental factors on community compositions of nitrifiers [7, 18] . Fluorescence in situ hybridization (FISH) is highly effective for detecting specific bacteria by in situ hybridization using 16S rRNAtargeted oligonucleotide probes labeled with a fluorescent compound [2] . To date, FISH has been successfully applied for phylogenetical identification and quantification in environmental and engineering systems [24, 27] .
In our previous study, partial nitrification had been found to remain stable in the bioaugmented MBR for a period of 104 days [30] . However, the stability of partial nitrification for a much longer term and the composition of the microbial community in the bioaugmented MBR remain unknown. This study aimed to investigate the possibility of using a bioaugmented MBR for stable partial nitrification under different dissolved oxygen (DO) and temperature conditions. Applications of DGGE and FISH techniques were also carried out to study the shift in microbial community in the bioaugmented MBR with time, and to analyze the responsibilities of different groups of bacteria in the system, with the aim to supply valuable perspectives for complete conversion of ammonium to nitrite.
MATERIALS AND METHODS

Experimental Setup
The schematic diagram of the bioaugmented MBR is illustrated in Fig. 1 . A flat-sheet membrane module (PVDF, hydrophilic, pore size 0.22 µm; Millipore, U.S.A.) was installed in the bioaugmented MBR with a working volume of 1.5 l. The constant-flux operating mode was applied using a suction pump (BT100-1J; Longer, China). An air diffuser, equipped with an airflow meter, was installed directly at ) as pH buffer and carbon source for nitrifying bacteria. The operating temperature was controlled through a water bath.
The bioaugmented MBR was inoculated with the enriched AOB obtained by the extinction method [1, 30] . The composition of influent synthetic wastewater used in this study is presented in Table 1 . The bioaugmented MBR was operated at six different stages to evaluate the effects of DO and temperature on reactor performance, as shown in Table 2 . No sludge was intentionally withdrawn from the MBR throughout the whole operation except for examination of the sludge characteristics. ; SHIMADZU, Japan). A DO meter (Model 55; YSI, U.S.A.) and a pH meter (PB-20; Sartorius, Germany) were used to measure the DO concentration and pH in the reactor, respectively.
Analytical Methods
Ammonia nitrogen (NH
Specific Nitrification Rate
The specific nitrification rate, including specific ammonium oxidization rate and specific nitrite oxidization rate, was determined by batch experiments to evaluate the activities of AOB and NOB in the MBR. A 100 ml mixture from the MBR was centrifuged at 8,000 rpm for 10 min and then washed with buffer medium to remove the background concentrations of nitrogen. Then, the biomass was transferred to a 250-ml Erlenmeyer flask and suspended with 100 ml of mineral medium, which had the same composition as synthetic wastewater except that 100 mg/l NH DNA Extraction and PCR Amplification DNA was extracted from 10 ml of biofilm sample in the MBR with the modified SDS-based extraction method [20] . The 16S rDNA gene fragments from isolated total DNA of the biofilm sample were amplified with Taq DNA polymerase (TaKaRa Bio Inc., Dalian, China) by using bacterial primer sets P2 (5'-ATTACCGCGGCTGC TGG-3') and P3 (5'-CGCCCGCCGCG CGCGGCGGGCGGGGCG GGGGCACGGGGGGCCTACGGGAGGCAGCAG-3') [17] , which were located in the V3 region of bacteria 16S rDNA corresponding to positions 341-534.
DGGE and Sequence Analyses DGGE was performed with 8% (w/v) polyacrylamide gels containing a linear chemical gradient ranging from 30% to 60% denaturant, with 100% defined as 7 M urea and 40% formamide. Gels were run for 6 h at 200 V and 60 o C in 1×TAE with the D-Code system (Bio-Rad, U.S.A.). After electrophoresis, the gels were incubated for 30 min with the Gene Finder (TaKaRa Bioproducts), and photographed with UV transillumination (Universal Hood II, Bio-Rad, U.S.A.). Cluster analyses of the lane patterns were constructed by using the Quantity One software, and profiles similarity was calculated by determining Dice's coefficient for the total number of lane patterns.
Major bands were excised for identification of bacterial species. Bands were placed into sterilized vials with 30 µl of sterilized distilled water and were stored overnight at 4 o C to allow the DNA to passively diffuse out of the gel strips. For sequencing, the eluted DNA was used as the DNA template for reamplification and subsequent DGGE for checking the efficacy of band isolation. This procedure was repeated three to five times until the bands appeared pure. PCR products reamplified using unclamped primers for sequencing were purified using the TaKaRa DNA Fragment Purification Kit Ver.2.0 (TaKaRa, China). The nucleotide sequences of the PCR products were determined by an ABI PRISM 377 DNA Sequencing system (Applied Biosystems).
Phylogenetic Analysis
Sequence analyses were done by using the BLAST database (National Center for Biotechnology Information; http://www.ncbi.nlm.nih.gov) to identify the most similar sequences in the database. Sequence alignments were performed using the Clustal X (version 1.83). Matrices of evolutionary distances were computed using the MEGA program (version 4.1) with the neighbor-joining model. Then, phylogenetic trees were constructed and checked by bootstrap analysis (based on 1,000 replicates).
Fluorescence In Situ Hybridization
The enriched AOB and biofilm samples taken from the MBR at each stage were fixed in 4% freshly prepared paraformaldehyde solution for 2-3 h at 4 o C, rinsed twice with phosphate-buffered saline (PBS, pH 7.2), and then stored in a 1:1 mixture of PBS and ethanol at -20 o C. All the hybridization experiments were performed according to methods previously described by Amann [2] . The 16S rRNAtargeted oligonucleotide probes used in this study were Cy3-labeled Nso190 (5'-CGATCCCCTGCTTTTCTCC-3') [16] , and FITC-labeled Nit3 (5'-CCTGTGCTCCATGCTCCG-3') [27] . DAPI (4',6'-diamidino-2-phenylindole dihydrochloride) was used to stain all the DNAcontaining organisms as background for total biomass. The cells were observed with a fluorescence microscope (BX-60; Olympus, Japan) equipped with a cooled charge-coupled device (CCD) camera system (PXL1400; Photometrics, Japan). For quantitative analysis of FISH images, specific-probe-hybridized cell areas were used for the analyses of the proportions of probe-labeled cells to total cells by Image Pro-Plus software (version 6.0). The average fraction was determined from eight to ten representative microscopic images.
RESULTS AND DISCUSSION
Effect of Dissolved Oxygen on the Stability of Partial Nitrification
The bioaugmented MBR had achieved stable partial nitrification for a period of 104 days in our previous study [30] . To further investigate the effect of DO on the stability of partial nitrification, the bioaugmented MBR was operated at a pH of 7.8-8.2 and temperature of 30±0.1 o C under different DO levels ( Table 1) . As shown in Fig. 2 , 95% ammonium oxidation efficiency and a nitrite ratio of over 0.95 were observed at DO of 2-3 mg/l (stage I-1). When DO decreased to the lower level of 0.8-1.2 mg/l (stage II-1), ammonium oxidation efficiency dropped to 70%, while as high as 0.99 of nitrite ratio was maintained. When DO increased to the higher level of 5-6 mg/l (stage II-2), ammonium oxidation efficiency was resumed to and stabilized at 95%. However, the high DO level caused the increase in effluent nitrate concentration, which reached to 150 mg/l at the end of stage II-2, resulting in the decrease of nitrite ratio to 0.6. Fig. 3 reveals the specific ammonium and nitrite oxidation rates under different DO conditions. The results indicated that oxygen as the primary election accepter in the nitrification process greatly affected the reaction rate of both ammonium and nitrite oxidations. The SAOR was found to be around 0.478 gN/gVSS/d at high DO levels (2-3 mg/l and 5-6 mg/l); however, it decreased by 43.7% at 0.8-1.2 mg-DO/l. The SAOR obtained in this study was much higher than that in the previous study by Tolutomi [25] , who achieved 0.17-0.29 gN/gVSS/d in a suspended growth type system. The activity of AOB was greatly inhibited by a low DO level, which caused the decrease in ammonium oxidation efficiency. The SNOR was found to be 0.022 gN/gVSS/d at DO of 5-6 mg/l, indicating that sufficient DO stimulated the activity of less NOB existing in the bioaugmented MBR. The results were consistent with some previous studies. A DO concentration below 1.0 mg/l was suggested to favor the dominance of AOB in an activity sludge system, the growth rate of which was 2.56 times faster than that of NOB [21, 24, 25] . Yoo et al. [28] achieved 70% nitrite accumulation at 0.2-0.4 mg-DO/l in the submerged MBR, whereas Bernet et al. [6] reported 60% nitrite accumulation at 2 mg-DO/l in an inverse turbulent bed reactor. Obviously, the DO-inhibiting concentration on NOB was different between this study and previous literatures, which might be due to the different microbial communities involved. According to the activity of AOB under different conditions (Fig. 3) , it could be seen that AOB activity was 0. nitrification, in which the optimal nitrite accumulation was established at the temperature range of [30] [31] [32] [33] [34] [35] o C in activated sludge processes [11] .
Analysis by DGGE
The diversity of the microbial community at different stages was analyzed by PCR-DGGE techniques. The DGGE profiles of PCR-amplified partial 16S rDNA fragments from total DNA are presented in Fig. 4 . The sample at each stage had its own unique profile, indicating variations of microbial community along with operating time and operating conditions. The numbers of bands per lane varied from 8 to 19, and band intensity also changed. Two prominent bands (T1 and T16) representing the dominant species on each lane were observed in all samples (Fig. 4) . Some differences were noted in the band position, intensity, and number of bands presenting in the bacterial DGGE banding patterns throughout the operation period.
Since distinct banding patterns were observed within different stages in the bioaugmented MBR, cluster analysis was performed by using the UPGMA (unweighted pairgroup method using arithmetic average) algorithm, as shown in Fig. 5 . The bacterial communities between L1 and L3 showed 0.63 similarities. Compared with L1, bands T4 and T26 disappeared and T2 appeared in L3. At stage II, when the bioaugmented MBR was operated at a different DO level, the microbial community (L7 and L9) showed 0.86 similarities. When changing the operating temperature in the bioaugmented MBR at stage III, great differences in DGGE profiles were observed. Many new bands, such as T2, T3, T4, T7, T13, T14, T20, and T22, appeared in L11 and L12, which meant the diversity of the microbial community increased. Cluster analysis of DGGE profiles revealed that microbial community structures were distinct at different stages, which might be affected by the growth of bacteria with operating time and by operational parameters.
Sequencing and Phylogenetic Analysis
To better help understand the population composition of the bacterial community in the bioaugmneted MBR, 17 bands were excised, purified, and sequenced from the DGGE gel. The results of nucleotide sequence analysis of the 17 bands are shown in Table 3 . Among these bands, only bands T1 and T3 belonged to ammonia-oxidizing bacteria in β-Proteobacteria, which were both affiliated with Nitrosomonas-like species. Band T1 with high abundance was confirmed to be 98% similar to Nitrosomonas eutropha C91. Seven out of 17 bands were referred to Proteobacteria, including one α-Proteobacteria, four β- Proteobacteria and two γ-Proteobacteria (Fig. 6 ). Other bands were found to be related to Bacteroidetes, Firmicutes, and Actinobacteria. The α-and γ-proteobacterial populations have been reported as numerically dominant heterotrophic populations in the autotrophic nitrifying biofilm [19] . It is stressed that no band related to nitrite-oxidizing bacteria was detected in the microbial community.
Combining the DGGE banding patterns and phylogenetic analysis (as shown in Fig. 6 ), the shift in microbial community can be concluded. Nitrosomonas eutropha was always predominant throughout the operation, regardless of DO and temperature fluctuations. Increasing the operating temperature resulted in the appearance of some heterotrophic organisms in Sphingobacteria, Firmicutes, and α-and γ-Proteobacteria, even though no external organic carbon was added into the MBR. This might be attributed to the fact that a large amount of soluble microbial products (SMP) produced from substrate metabolism and biomass decay of nitrifiers were retained in the MBR and had acted as the sole organic substrates for the multiplication of heterotrophic bacteria. Different phylogenetic groups of heterotrophs might be responsible for mineralizing different low-and high-molecular-weight organic compounds produced or released by nitrifiers. It has been reported that α-and γ-proteobacterial populations primarily utilized lowmolecular-weight fatty acids produced from degradation of SMP [12] . It was noted that T18 belonging to the Cytophaga-Flavobacterium-Bacteroides (CFB) group faded gradually after the inoculation. A previous study demonstrated that the CFB group was able to degrade various refractory biomacromolecules, such as cellulose, chitin, DNA, lipids, and proteins [15] . It was probably that population of the CFB group was outcompeted by other heterotrophic bacteria owing to limited food supplementation.
Although DGGE has many advantages and applications, some problems may arise owing to PCR bias, heterogeneity of copy number of 16S rRNA among species, and the fact that single DGGE bands do not always represent a single bacterial strain [22] . Indeed, DNA of bacteria that are present in relatively low numbers in the environment might escape amplification by PCR. Therefore, the number of bands generated by DGGE may not accurately reflect the number of different sequences present in a given mixture [7] , and DGGE analysis can only be considered semiquantitative [26] . In this study, the activity of nitriteoxidizing bacteria was detected, but no band here was affiliated with it. Therefore, a possible quantitative analysis would be combined with DGGE for an insight into the shift in microbial community, especially in the nitrifier population.
Quantification of Nitrifying Bacteria by FISH
To quantify nitrifying bacteria in the suspended solids in MBR, a FISH analysis with oligonucleotide probes for ammonia-oxidizing β-Proteobacteria (Nso190) [16] and Nitrobacter [27] was carried out. These probes were selected based on the results of DGGE analysis. No hybridization signal of Nitrobacter was observed at DO levels of 0.8-1.2 mg/l and 2-3 mg/l. However, the fraction of Nitrobacter reached 0.5% at a DO level of 5-6 mg/l (stage II-2), and then increased to around 0.9% at temperature fluctuations (stage III). On the other hand, the fraction of AOB in suspended solids in the bioaugmented MBR decreased from 88% to 54% with operating time, which might be due to the growth of heterotrophic bacteria. However, the AOB accounting for 54% still dominated over Nitrobacter occupying 0.4% at the last stage (stage III-3), which was consistent with the DGGE banding patterns. It was shown that band T1 affiliated with Nitrosomonas eutropha still remained abundant at stage III-3. Therefore, the dominance of AOB in the microbial community contributes to high nitrite accumulation in the bioaugmented MBR at different operation conditions. The results of FISH analysis were consistent with those of the nitrification activity and the DGGE analysis.
In conclusion, by investigating the performance of partial nitrification in the bioaugmented MBR, the results demonstrated that DO and temperature played the most important roles in the stability of partial nitrification. The optimal operation conditions favoring ammonium oxidation and nitrite accumulation were found at 2-3 mgDO/l and 30 o C, achieving 95% nitrification efficiency with a nitrite ratio of 0.95. The decrease and increase in DO level or temperature resulted in the reduction either in ammonium oxidation efficiency or in nitrite accumulation. DGGE analysis indicated that Nitrosomonas-like species as the only detected AOB remained predominant in the bioaugmented MBR all the time. Population dynamics of nitrifiers based on FISH showed that the AOB accounting for 54-77% of total bacteria always dominated over NOB occupying 0.4-0.9%. However, the fraction of AOB in the bioaugmented MBR kept decreasing with operating time, which might be due to the growth of heterotrophic bacteria belonging to the CFB group, and α-, β-, and γ-Proteobacteria responsible for mineralizing soluble microbial products produced by nitrifiers. Our research reveals that bioaugmentation applied for nitrogen removal would enhance the stability of partial nitrification and the dominance of AOB in the bioreactor for a long time.
